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ABSTRACT

To study the multiaxial low-cycle creep-fatigue life of high-pressure turbine blades, a multiaxial low-cycle fatigue
life prediction model based on.a'new critical plate damage parameter is presented in this paper. First, by performing a
three-dimensional thermal-structural coupling analysis of high-pressure turbine blades, the stress and strain distributions
under different loadings including centrifugal force, thermal loading, and aerodynamic loading were obtained. Then, the
multiaxial low-cycle fatigue lifeprediction model and the Larson-Miller equation were applied to predict the fatigue life
and creep life of the blade separately. In<addition, to investigate the fatigue damage mechanism in creep-fatigue
interaction under high temperature conditions, the experimental methods available in previous studies were applied, and
the creep-fatigue interaction life prediction model was also developed simultaneously Furthermore, the results of creep-
fatigue life prediction indicated that in case of econsidering the creep-fatigue interaction, the life of the gas turbine blade
was reduced by 43.7% , compared to the case where the.interaction was not considered. Also, the maximum fatigue
damage was concentrated at point A and the maximum‘creep damage was concentrated at point B. Finally, the results
revealed that the multiaxial low-cycle fatigue lifesprediction model was reasonable and the creep-fatigue interaction
should not be ignored.
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1. Introduction

Turbine blades are critical components of aero
engines, and their structural integrity directly affects
engine safety, reliability, and service life [1]. During
operation;, blades experience complex loading
conditions, including low-cycle fatigue caused by cyclic
thermal-mechanical loads and creep damage induced by
sustained«centrifugal forces at elevated temperatures.
The combined effects of harsh service environments,
multiaxial stress states, material properties, and
manufacturing  processes significantly complicate
fatigue and creep. failure mechanisms, making life
prediction “challenging[2<5].  Although extensive
research has been conducted on fatigue and creep life
prediction, a comprehensive and universally applicable
model has not yet been established[6-10]. Existing
approaches, such as equivalent strain, energy-based, and
critical plane methods, exhibit limitations, in accurately
capturing multiaxial fatigue behavioriand creep—fatigue
interaction effects[11-16]. Consequently, accurate
evaluation of creep—fatigue interaction remains,a key
challenge in turbine blade life assessment, motivating
the development of improved multiaxial life prediction
models for engineering applications.

2. Methodology

In the present study, comprehensive fluid flow and
heat transfer analyses were conducted using ANSYS, in
which a computational domain fully consistent with the
turbine blade geometry was established. A conjugate
heat transfer (CHT) framework was implemented at the
fluid—structure interface, accounting for heat conduction
within the fluid and convective heat transfer across the
fluid-structure boundary. Subsequently, the blade
surface temperature distributions, defined in terms of
spatial coordinates and corresponding temperature
values, were exported to ABAQUS and employed as
thermal boundary conditions for the structural heat
conduction analysis. Following this step, thermal and
centrifugal loads were applied to the structural model,
and the resulting stress fields were obtained. Overall,
the stress analysis was performed within a one-way
fluid—structure interaction paradigm. The service life of
turbine blades subjected to complex thermo-mechanical
loading conditions depends not only on the local stress
and strain states at the evaluation locations but also on
the corresponding temperature levels. Based on the
blade temperature distribution and stress—strain
responses during the primary operating cycle, together
with experimentally observed failure statistics under
service conditions, critical evaluation locations were
identified for the investigation of fatigue damage
mechanisms. Point A corresponds to the location of

maximum stress at the edge plate, whereas point B
represents the location of maximum strain within the
blade body (figure 1 & 2 & 3). Subsequently, the
fatigue life of the gas turbine blade at evaluation points
A and B was predicted using critical plane-based fatigue
models and the results were compared with available
experimental data. Finally, the creep—fatigue life of the
gas turbine blade was evaluated both with and without
considering creep—fatigue interaction effects.

Figure 3 Blade
strain contours

Figure 2 Blade
stress contours

Figure 1 Blade
temperature contour

3. Result & Discussion

Table 1 demonstrates that the fatigue life predicted
by the modified Shang-Di—Guang equation yields the
most conservative estimates, whereas the Smith—
Watson—Topper (SWT) model provides the highest
fatigue life values. In contrast, the Shang-Di-Guang
equation predicts intermediate fatigue life results.
Among.the considered models, the fatigue life predicted
using the modified Shang-Di—Guang equation exhibits
the closest agreement with the experimental data. The
results further indicate that, as reported in Table 1, the
minimum fatigue life occurs at the blade root.
Consequently, this” region should be regarded as a
critical component insthe inspection, maintenance, and
optimization of turbine blades.

Table 1 Determination ofblade life based on 3 methods

Modified
Assessment SWT Shang-Di-
Shang-Di- Experiment life
position in (life Guang (life
Guang(life cycles [34]
blade cycles) cycles)
cycles)
A 13966 10853 7367 7542
17820 13848 9400 8358

Tables 2 and 3 present the creep—fatigue life_of the
gas turbine blade at the selected evaluation_points. A
comparison of the fatigue life at point B between Tables
2 and 3 clearly indicates that incorporating creep—
fatigue interaction effects lead to a significant reduction
in the predicted turbine blade life. The results



demonstrate that, when creep—fatigue interaction is
considered, the turbine blade life decreases by
approximately 43.7% compared with the case in which
such interaction effects are neglected. These findings
highlight that the inclusion of creep—fatigue interaction
has a substantial impact on the life reduction of turbine
blades and therefore should be explicitly incorporated
into life prediction models as well as maintenance and
inspection planning strategies.

Table 2 Determination of blade creep-fatigue life

Assessment Single<cycle Single-cycle Actual life
» i Total damage
position fatigue damage  creep.damage h
A 1.357 x 10 252 x10* 3.87x 10" 4306.6
B 1.064x 10* 5.13x 10 6.19x 10 2692.5

Table 3 Determination of blade.creep-fatigue life
considering interaction

Single- Single- Creep fatigue Actual
Assessment cycle cycle Interactive Total life
position fatigue creep damage damage
damage damage
A 1.357 x 10 2.52 x 10" 5.49 %10 9.39% 10 1780
B 1.064 x 10 5.13x 10 4.806 x 10 1.1x 10° 1515
4. Conclusion

In this study, a comprehensive model for predicting
the low-cycle fatigue life and creep interaction fatigue
of high-pressure gas turbine blades are presented. The
proposed model is developed based on a new multi-axis
critical plane damage parameter and considers the
simultaneous effects of thermal, centrifugal and
aerodynamic loadings in real turbine operating
conditions. With the help of coupled fluid-structure-
thermal numerical analysis in ANSYS and ABAQUS
software, the stress, strain and temperature distribution
in the blade were extracted and critical points were
determined. The results indicated that the maximum
equivalent stress and strain were about 916 MPa and
0.0067, respectively, and the most damage was
concentrated in the tenon area. Based on the proposed
model, the blade fatigue life was estimated to be about
2692 hours and about 1515 hours considering the creep-
fatigue interaction, which indicates a 43.7% reduction in
life due to the creep-fatigue interaction. These results
indicate that ignoring the creep-fatigue interaction can
lead to an overestimation of the component life.
Overall, the proposed model is able to accurately predict
the actual blade behavior under complex operating
conditions and can be applied as a basis for optimizing
the design, inspection, and maintenance planning of gas
turbines.
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Table 5 Boundary conditions of the fluid.-domain of the gas turbine blade
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Figure 4 Applying

boundary conditions geometry
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Figure 3. Fluid domain including the blade
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Table 7. Experimental results of the simulated specimens under different loading spectra
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Table 8. Experimental results of the simulated specimens under different loading spectra.
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Figure 17 Blade body stress distribution contours
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Table 9 Determination of blade life based on 3 methods
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Table 10 Failure time based on 3 methods in the blade
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Table 11 Low-cycle fatigue life and single-cycle fatigue damage at blade assessment position
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Table 12 Determination of blade creep-fatigue life
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Figure 20 Fatigue creep interaction diagram
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Table 13 Determination of blade creep-fatigue life considering interaction
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ABSTRACT
To study.the multiaxial low-cycle creep-fatigue life of high-pressure turbine blades, a multiaxial low-cycle

fatigug life prediction model based on a new critical plate damage parameter is presented in this paper. First, by
performing a three-dimensional thermal-structural coupling analysis of high-pressure turbine blades, the stress
and strain distributions‘under different loadings including centrifugal force, thermal loading, and aerodynamic
loading were.obtained. Then, the multiaxial low-cycle fatigue life prediction model and the Larson-Miller equation
were applied to predict the fatigue life and creep life of the blade separately. In addition, to investigate the fatigue
damage mechanism in creep-fatigue interaction under high temperature conditions, the experimental methods
available in previous studiesswere applied, and the creep-fatigue interaction life prediction model was also
developed simultaneously Furthermore,,the results of creep-fatigue life prediction indicated that in case of
considering the creep-fatigue interaction, the life of the gas turbine blade was reduced by 43.7% , compared to
the case where the interaction was not considered. Also, the maximum fatigue damage was concentrated at point
A and the maximum creep damagewas concentrated at point B. Finally, the results revealed that the multiaxial

low-cycle fatigue life prediction model'was reasonable and the creep-fatigue interaction should not be ignored.

KEYWORDS
High Pressure Gas Turbine blade, Creep Fatigue, Fluid—Structure interaction, Conjugate Heat
Transfer, CFD and FEM Simulations
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